Mistletoes absorb water from the vascular system of their hosts and thus the water use of mistletoes can be influenced by the water status of their hosts besides abiotic environmental conditions; however, there is a lack of studies on the dynamics of mistletoe water utilization in relation to both types of controlling factors. By building a canopy platform at 20 m above the ground, we monitored the dynamic changes of sap flow of Viscum coloratum (Kom.) Nakai (Loranthaceae) in combination with continuous measurements of microclimatic variables and volumetric water content (VWC) of its host tree branch xylem. We found that the host tree VWC exhibited substantial fluctuations during sunny days but lower VWC of the host did not negatively affect the sap flow of V. coloratum. Hourly and daily mean transpiration rates (E sap ) of V. coloratum calculated from sap flow measurements showed strong positive correlations with photosynthetic photon flux density (PPFD) and vapor pressure deficit (VPD) measured in close vicinity to the point of mistletoe attachment. The mean E sap of V. coloratum was substantially higher than that of their host during clear days (4.55 ± 0.54 vs 2.01 ± 0.15 kg m −2 day
Introduction
Mistletoes have to absorb water and nutrients from the xylem of their hosts to support photosynthetic activities and growth (Lamont and Southall 1982 , Combes 2001 , Ture et al. 2010 , Galiano et al. 2011 , Chen et al. 2013 . From the point of view of water use, mistletoes are unique plants adapted to parasitic life on aerial parts of their hosts, and cannot be simply analogized to branches of the hosts (Bannister et al. 1999 , Glatzel and Geils 2009 , Urban et al. 2012 , Scalon and Wright 2015 . Mistletoes commonly have higher transpiration rates than their hosts (Ullmann et al. 1985 , Orozco et al. 1990 , Davidson and Pate 1992 , Strong and Bannister 2002 , Escher et al. 2004 ) and the relative magnitude between mistletoe and host transpiration rates varies substantially depending on environmental drivers for transpiration and habitat water status (Glatzel and Geils 2009, Scalon and Wright 2015) . Transpiration rates of both mistletoes and hosts are impacted by photosynthetic photon flux density (PPFD) through stomatal regulation . Data acquired under a full range of light intensities showed that the mistletoe transpiration rates, on average, are one to four times higher than their hosts (Davidson and Pate 1992) . In habitats with low water availability, however, the mistletoes transpire less than their host and under some circumstances they can even have a total daily transpiration less than one-seventh of their hosts (Kuppers 1992 . These findings suggest that the mistletoe-host relationship in terms of water use can be strongly influenced by environmental conditions; however, there is a lack of such studies that directly quantify the water use of mistletoes and their hosts in relation to dynamic changes of microenvironmental variables in the host tree canopy.
Besides abiotic environmental factors, the water status of the host tree can also influence the water relations of the mistletoes, making them differ in many aspects from plants that absorb water directly from the soil (Glatzel and Geils 2009) . The water status of the host tree xylem changes dynamically according to their own physiological behavior and in response to environmental factors, which may strongly affect the water acquisition and use of mistletoes (Davidson et al. 1989 , Zweifel et al. 2012 . Although water relations of mistletoes have been studied (Whittington and Sinclair 1988 , Davidson et al. 1989 , Davidson and Pate 1992 , Bannister et al. 1999 , Strong and Bannister 2002 , Scalon and Wright 2015 , no study has looked at the dynamic water use of mistletoes in relation to the dynamics of their host xylem water status. Quantitative assessment of the relationships between mistletoe water use and host tree xylem water status will contribute to a deeper understanding of the mistletoe-host interaction in terms of water relations.
The responses of mistletoe water use to variation in xylem water status of the host trees and the microenvironmental factors are expected to be highly dynamic considering the dynamic nature of these variables. Water use in mistletoes can be evaluated by measuring its leaf transpiration periodically during a day using instruments such as a porometer (Glatzel 1983 , Schulze et al. 1984 , but these types of methods are not suitable for continuously monitoring the dynamic changes of mistletoe transpiration. Sap flow measurements are an effective way to evaluate plant transpiration in small branches with relatively low internal water storage capacitance (Sakuratani 1981 , Wilson et al. 2001 , Meinzer et al. 2004a , Bai et al. 2015 , Pivovaroff et al. 2015 and the recent development of this technique makes it possible to monitor water use in small plants such as mistletoes (Urban et al. 2012 , Zweifel et al. 2012 . Moreover, the recent application of frequency domain reflectometry (FDR) techniques for continuously measuring xylem volumetric water content (VWC) in living trees (Hao et al. 2013 , Carrasco et al. 2015 made it possible to investigate the relationship between mistletoe sap flow dynamics and the diurnal changes of the water status in the host tree xylem. The non-destructive in situ measurement of xylem VWC dynamics of the host tree, in combination with simultaneous measurements of sap flow and microenvironmental factors, can be used to investigate regulations of mistletoe transpiration in greater detail.
The specific objectives of this study were: (i) to evaluate the potential role of the host tree xylem VWC in regulating the mistletoe water use; (ii) to test the hypothesis that the sap flow rates of the mistletoe responds to microenvironmental factors differently from that of its host tree; and (iii) to identify the major determinants to mistletoe sap flow using quantitative data, which will contribute to a mechanistic understanding of the potential impacts of mistletoes on their host under different circumstances. To achieve these objectives, we studied a common mistletoe species Viscum coloratum (Kom.) Nakai (Loranthaceae) in a temperate forest stand of NE China. Sap flow rates in multiple individuals of V. coloratum were monitored in relation to the dynamic changes of their host tree xylem VWC, which was measured continuously with high precision instrumentation. Microenvironmental variables close to the mistletoe attachment site in the host tree canopy were measured to study whether water use of the mistletoe species is tightly controlled by abiotic environmental conditions. The dynamic nature of these measurements enabled us to investigate the way that the microenvironment within the host canopy and/or the xylem water status of their host tree control mistletoe water use.
Materials and methods

Study sites and plant materials
This study site was located in the Research Station of Changbai Mountain Forest Ecosystems of the Chinese Academy of Sciences (42°24′N, 128°28′E; 736 m altitude). This region is characterized by a temperate continental climate. The mean annual temperature is ∼3.6°C and the mean annual precipitation is 696 mm. The climate of this region is greatly affected by monsoon and precipitation mainly (60-70%) occurs during the growing season from June to September. During the growing season, it rains frequently and local environment conditions (e.g., irradiance and humidity) vary substantially from day to day. Vast areas of this region are covered by conifer and broadleaved tree mixed forests, which are dominated by Pinus koraiensis Sieb. et Zucc. and co-occurring broad-leaved tree species. Many forests in this region are infested by the mistletoe V. coloratum growing on local tree species, including Populus ussuriensis, Tilia amurensis Rupr., Salix matsudana Koidz., etc. Viscum coloratum is most often found in P. ussuriensis trees, i.e., one of the dominant tree species in the study site.
Viscum coloratum is usually found in the upper canopies of large trees, which makes it a challenge to measure dynamic physiological processes such as sap flow. To be able to do this, we built a canopy platform at 20 m above the ground in a large P. ussuriensis tree (50.9 cm diameter at breast height and ∼30 m in height) that was infested by multiple individuals of V. coloratum (see Figure S1 available as Supplementary data at Tree Physiology online). This enabled us to study the waterrelated physiological processes in the mistletoe species under natural conditions in the host tree canopy. Ideally, measurements should be carried out in individuals of V. coloratum that parasite different host trees by building several canopy platforms, but that would be very difficult to achieve. Since the major aim of this research was to study the mistletoe physiology rather than its host species, we studied multiple individuals of V. coloratum located on different branches of a large P. ussuriensis tree.
Sap flow measurements
The heat balance method (Sakuratani 1981) was used for sap flow measurements (SF, g h −1 ) in both the mistletoes and the host tree branches between 24 July and 12 August 2015. Four individuals of V. coloratum (∼10 mm in stem diameter) and four small branches of the host with similar diameter located in close vicinity to the four mistletoe individuals were selected for the measurements. Small host tree branches growing in close vicinity to the mistletoes were selected with the aim to compare the intrinsic differences between mistletoe and host tree shoots in physiological responses to meteorological variables when they were experiencing a similar environmental regime in the forest canopy. The eight sap flow gauges (stem collar sensors, Dynamax, Inc, Houston, TX, USA) for measurements in V. coloratum and the host branches were installed at 21-25 m above the ground. Before installation, the branches were carefully cleaned with sandpaper to ensure a good contact of the heater around the stem. After installation, the gauges were thermally insulated with foam and then covered with a radiation shield wrapped around the gauge and a segment of the branch. The gap between the upper side of the shield and the branch was sealed with silicone gel to protect the gauge against rainfall. The gauges were continuously heated using three pairs of inbuilt constantan wires. Sensor outputs were measured every 60 s and recorded as 60-min mean with data loggers (CR1000; Campbell Scientific, Logan, UT, USA) and multiplexors (AM16/32; Campbell Scientific). The whole sap flow system was powered with two 12 V deepcycle marine batteries connected in parallel.
To calculate the total leaf area (LA) downstream to a branch segment where the sap flow gauge was installed, the mistletoes and the host tree branches were harvested on 13 August 2015 after sap flow measurements. For each sample, all leaves were scanned for LA calculation using ImageJ software (US National Institutes of Health, Bethesda, MD, USA). The sap flow rate (SF i ) of each sample was normalized by its respective LA i . We assumed that each unit LA contributed equally to transpiration and leaf transpiration was normalized by the projected LA downstream of the sap flow gauge (Zweifel et al. 2012 ). The total hourly or daily sap flow rates measured in mistletoes and the host twigs were assumed equal to the total hourly or daily transpiration rates (Carrasco et al. 2015) . Mean transpiration rates for the four individuals of V. coloratum and the four host tree branches were calculated based on sap flow measurements (E sap ) using the following equations:
where SF i is mean hourly (or daily) sap flow rate of the ith (i = 1, 2, 3, 4) sample for either V. coloratum or the host tree branch, LA i is total leaf area of the ith sample and E isap is the mean leaf transpiration rate for the ith mistletoe or host branch sample calculated from sap flow measurements.
Continuous measurements of VWC in the host tree xylem
Volumetric water contents of host branches were monitored using six FDR sensors (model GS3, Decagon Devices, Pullman, WA, USA) connected to two 5-channel Em50 data loggers (Decagon Devices). Two GS3 sensors were installed in the trunk of the host tree at 16 and 19 m above the ground, respectively. Four other GS3 sensors were installed in the xylem of four large branches (24-28 cm in diameters) next to the attachment site for each of the four studied mistletoe plants growing at 20-24 m above the ground level. Details of sensor installation and calibration can be seen in Hao et al. (2013) . The VWC of host xylem was monitored simultaneously and continuously with measurements of sap flow rates, and data were recorded automatically using the EM50 data loggers every minute.
Monitoring the canopy abiotic environmental variables
Microclimatic variables within the canopy of the host tree right above the mistletoes and the small branches for sap flow measurements were continuously measured during the whole experimental period. Air temperature and relative humidity were measured using a VP-3 probe (Decagon Devices) and the PPFD using a photon flux sensor (model QSO-S, Decagon Devices). These sensors were connected to an EM50 data-logger and data were recorded every minute continuously during the whole study period. Hourly and daily cumulative PPFD and mean vapor pressure deficit (VPD) were calculated to identify their potential influences on the mistletoes E sap .
Statistical analysis
The differences between the mistletoe and host E sap were analyzed with Student's t-tests. Prior to any statistical analysis, all data were tested for normality and homoscedasticity. Linear and nonlinear regression analyses between E sap and environmental variables and VWC of host tree xylem were performed to test the correlations between the mistletoe and host E sap and environmental
Tree Physiology Online at http://www.treephys.oxfordjournals.org variables (PPFD, VPD and host tree xylem VWC). All statistical analyses were performed by SigmaPlot v12.5 (Systat Software, Inc., San Jose, CA, USA).
Results
Mistletoe and host tree sap flow dynamics Viscum coloratum had higher transpiration rates compared with their host tree P. ussuriensis (Figure 1a and b) . The maximum transpiration rate observed in V. coloratum was 1.65 kg m −2 h −1 , which was 3.1 times higher than that of the host tree branches on the same date (5 August) under similar environmental conditions. The daily sap flow of both V. coloratum and their host tree was strongly coupled to variations in weather conditions between measurement days, with values much higher during sunny days than that during cloudy or rainy days, which were consistent with the large variations in PPFD and VPD (Figure 1c) . In several cases, zero daily sap flow was recorded for all individuals of V. coloratum during days with low PPFD and VPD (e.g., 4 August; Figure 1 ). The maximum daily E sap recorded during the measurement period was 8.43 kg m −2 day −1 for the mistletoe species, which was 1.6 times higher than that of the host tree (3.26 kg m −2 day −1
). The daily mean E sap values were 2.55 ± 0.63 and 1.29 ± 0.25 kg m −2 day −1 for V. coloratum and the host tree, respectively.
During clear days, the E sap of V. coloratum increased in the early morning about 3 h later than the E sap of the host tree branches, but reached substantially higher values by about 1 h after it began to increase (Figure 2a) . No nocturnal sap flow was recorded during the whole experimental period either in in V. coloratum or in the host tree.
Host tree xylem VWC dynamics
The host tree trunk VWC exhibited diurnal fluctuations on most experimental days except 30 July and 4 August, i.e., two rainy days ( Figure 3a) . The magnitude of diurnal changes of VWC in the four host tree branches was not as large as in the trunk and relatively large diurnal fluctuations were only observed on a few sunny days (Figure 3b) . The difference between the trunk and branch VWC fluctuations was likely related to thinner sapwood (less than the length of the prongs of the FDR sensors) in the trunk. The vessels in the heartwood were likely more easily embolized and may have released water to the transpirational stream during hours of high water demand causing larger VWC fluctuations in the trunk than that in the branches. Although interesting, this topic is beyond the scope of the present study and is not explored in greater detail in this paper. During clear days, both in the trunk and in the branches of the host tree VWC began to decrease soon after the early morning sap flow increase of the tree and reached minimum values around 13:00 h (Figure 2b ). During a representative sunny day (31 July), hourly mean VWC of the host tree branch xylem was negatively correlated with hourly mean sap flow rates (P < 0.0001, Figure 4a ), indicating that transpiration is drawing water from the branch xylem. Although the VWC of the host tree trunk and branch xylem decreased during sunny days (i.e., 29 and 31 July), the magnitude was relatively small (i.e., mean value was 0.02 m 3 m −3
for branches and 0.04 m 3 m −3 for the trunk) (Figure 3) .
Apparently, the small decrease in host tree branch VWC at midday observed during the experimental period did not negatively affect the water use of V. coloratum. Rather, a strong negative correlation between V. coloratum sap flow and the host tree branch VWC was observed (Figure 4b and Figure S2 available as Supplementary data at Tree Physiology online).
Influences of tree canopy microclimate on mistletoe sap flow
The E sap of both V. coloratum and its host tree strongly depended on the driving forces for transpiration either when the analysis was done on an hourly basis during a representative sunny day (31 July; Figure 5 ) or on a daily basis across the whole experimental period ( Figure 6) ; the strong positive correlations between PPFD/VPD and E sap in mistletoes and their host tree were remarkably consistent on both time scales (hourly within sunny days or daily across different measuring days). Notably, for the same level of PPFD both V. coloratum and the host tree showed higher E sap in the afternoon than in the morning (Figure 5a and c), which was likely due to higher VPD levels in the afternoon (Figure 2c) . The E sap increase with the increase of PPFD was linear in V. coloratum (Figures 5a and 6a) but the E sap -PPFD correlation for the host tree tended to be asymptotic at higher levels of irradiance (Figures 5c and 6c) . The relationship between hourly E sap and VPD for V. coloratum was best fitted by an exponential equation (R 2 = 0.95, P < 0.0001; Figure 5b ), which was different than the linear relationship between E sap and VPD for the host tree (Figure 5d ). Consistently, in V. coloratum the correlation between daily cumulative E sap and daytime mean VPD was exponential (R 2 = 0.58, P = 0.01; Figure 6b ) and differed from the linear correlation observed in the host (R 2 = 0.94, P < 0.0001; Figure 6d ). Tree Physiology Online at http://www.treephys.oxfordjournals.org
The relationships between mistletoe and host sap flow expressed on daily and hourly bases both significantly diverged from the isoline (y = x), with both relationships best fitted with exponential equations (Figure 7) . The higher the E sap values the more the points diverged from the isoline, indicating higher mistletoe to host transpiration ratios under conditions of higher transpirational demands. The mistletoe-to-host transpiration ratio calculated from daily or hourly sap flow measurements both showed significant positive relationships with PPFD and VPD, and the relationships were either linear or asymptotic (Figure 8 ).
Discussion
Variations in PPFD and VPD measured in the host tree canopy rather than changes in host tree branch xylem VWC showed strong influence on mistletoe sap flow. Overall, the results of this study show that the fluctuations in VWC in the host tree branch had no substantial effects on the sap flow of the mistletoe, whereas PPFD and VPD were found to be the major determinants of sap flow fluctuations. The mistletoe species had higher E sap compared with its host tree P. ussuriensis and the mistletoeto-host transpiration ratio became larger as the driving force for transpiration (PPFD and VPD) increased. The tight correlation between mistletoe E sap and micrometeorological variables and the decoupling between mistletoe E sap and the water status of the host tree branch xylem have important implications for the mistletoe-host relationships.
Profligate water use and the decoupling of sap flow from host tree xylem VWC Our data showed that the E sap of V. coloratum was about two times that of its host tree, which is consistent with the generally observed higher transpiration rates in mistletoes than their host plants (Glatzel 1983 , Ziegler et al. 2009 , Urban et al. 2012 . The relationship between hourly transpiration rate (E sap ) and hourly cumulative PPFD or hourly mean VPD for the mistletoes and the host. In panels (a) and (d), linear functions were fitted to the data; in panel (b), an exponential function was fitted to the data, y = 0.05e 1.91x ; in panel (c), logarithm functions were fitted to the data, y = 0.07 + 0.19 ln(x) (morning) and y = 0.26 + 0.16 ln(x) (afternoon). Data from 31 July, a representative sunny day with relatively large E sap and large daily change of branch VWC, are shown here. Figure 6 . The relationship between daily mean transpiration rate (E sap ) and daily cumulative PPFD or daytime (9:00-18:00 h) mean VPD for the mistletoes and the host. In panels (a) and (d), linear functions were fitted to the data; in panel (b), an exponential function was fitted to the data, y = 0.76e 2.62x ; in panel (c), a logarithm function was fitted to the data, y = −2.23 + 1.64 ln(x). Data from 31 July, a representative sunny day with relatively large E sap and large daily change of branch VWC, are shown here. Figure 7 . The relationship between daily or hourly (31 July, a sunny representative day) mistletoe and host transpiration rates (E sap ). In panels (a) and (b), exponential functions were fitted to the data, y = 0.60e 0.93x and y = 0.04e 12.01x (solid lines). The dashed lines show the isoline (y = x).
Tree Physiology Volume 37, 2017 Zweifel et al. 2012) . Mistletoes generally do not use water conservatively even when the host is under drought stress (Ullmann et al. 1985 , Garkoti et al. 2002 , Escher et al. 2008 . It has been found that mistletoes often close their stomata at more negative water potentials than their hosts and analyses of leaf δ 13 C have also indicated that they tend to have lower water-use efficiencies (Schulze et al. 1984 , Ehleringer et al. 1986 , Panvini and Eickmeier 1993 , Meinzer et al. 2004b ). We observed obvious diurnal fluctuations in xylem VWC of the host tree trunk and branches as found in other tree species in our previous studies (Hao et al. 2013 , Carrasco et al. 2015 . However, the mistletoe water use was apparently not limited by lower host tree xylem VWC, i.e., higher mistletoe E sap values were even observed in hours or days when lower VWC values occurred. Mistletoes have been found to be able to maintain more negative water potentials than their host and show high rates of transpiration even when the host is under severe drought (Scholander et al. 1965 , Glatzel 1983 , Hollinger 1983 , Schulze et al. 1984 , Whittington and Sinclair 1988 . It has been found that the water potential gradient from the host to the mistletoe becomes even larger with increasing water deficits (Glatzel 1983, Strong and Bannister 2002) and the mistletoeto-host transpiration ratios become larger under drought conditions than when water availability is high (Strong and Bannister 2002 , Reblin et al. 2006 , Escher et al. 2008 . Consistently, our sap flow measurements showed that the mistletoe-to-host transpiration ratio increased significantly when the branch xylem VWC was lower (under conditions of higher VPD and PPFD). The uncoupling between host tree branch xylem water status and the mistletoe transpiration reflects the inability of the host in controlling the mistletoe water use (Glatzel and Geils 2009, Zweifel et al. 2012) . Notably, mistletoes are hydraulically parallel rather than in series with small branches of their host trees, i.e., they are generally attached to the proximal part of a tree near or in the trunk or large branches (Bannister et al. 1999, Strong and Bannister 2002) . The water potential of the tree trunk or large branches measured using stem psychrometer in temperate trees rarely falls below −1.0 MPa (Sperry and Pockman 1993 , Sperry et al. 1994 , Scholz et al. 2007 , Choat et al. 2012 . It is thus reasonable to assume that in the relatively humid temperate forests, such as the present study site, decrease in host tree xylem water content would unlikely exert significant limitation on the water use of mistletoes.
Under conditions of higher PPFD and VPD, when the risk of xylem embolism in the host is high, the mistletoe-to-host transpiration ratio became substantially higher (Figure 7 ), reflecting a lack or lower degrees of stomatal control in V. coloratum than in its host. This is in contrast to the strong control of the hosts over stomatal conductance of their own leaves in order to avoid catastrophic xylem embolism (Zweifel et al. 2012) . The contrast was shown clearly by our dynamic measurements of sap flow in parallel to environmental variables. Notably, on both hourly and daily basis, the E sap of V. coloratum increased linearly with PPFD but in the host tree the regression line leveled off at higher PPFD values (Figures 5a, c and 6a, c) . Similarly, the mistletoe E sap showed an exponential growth with the increase in VPD, which differs from the linear relationship found in the host (Figures 5b, d and 6b, d) . On one hand, the mistletoe haustorial connection has very strong control over the influx of ABA from the host and its stomata closure is insensitive to an increased level of ABA (Escher et al. 2008) . On the other hand, mistletoes can exert strong influences on the performance of their hosts, including induction of stomatal closure, reduction in carbon assimilation and modification of hydraulic architecture (Meinzer et al. 2004b , Zweifel et al. 2012 . In water-abundant environments, water loss through mistletoes usually does not significantly affect their host but can cause severe physiological problems under waterlimited conditions (Zweifel and Zeugin 2008) .
Strong dependence of mistletoe sap flow on micrometeorological variables
The strong positive correlations between mistletoe E sap and the environmental factors (PPFD and VPD) indicate that in a relatively humid environment, rather than VWC of the host tree xylem, the driving forces for transpiration are the main determinants of mistletoe water use. The mistletoes usually develop in the canopy of the hosts and the low light availability may limit Figure 8 . The relationship between the ratio of daily or hourly (31 July, a sunny representative day) mistletoe-to-host transpiration rate (mistletoe/ host E sap ) and daily or hourly cumulative PPFD and daily or hourly mean VPD. In panels (a) and (c), logarithm functions were fitted to the data, y = −1.70 + 1.53 ln(x) and y = 2 + 0.68 ln(x); in panels (b) and (d), linear functions were fitted to the data.
Tree Physiology Online at http://www.treephys.oxfordjournals.org their growth rates (Watson 2001 , Cooney et al. 2006 . It has also been found that mistletoe water use closely follows the atmospheric VPD and usually shows little stomatal control even when the hosts are water stressed (Garkoti et al. 2002 , Strong and Bannister 2002 , Urban et al. 2012 , Zweifel et al. 2012 , which allows mistletoes continue to extract water and nutrients from the host even during drought (Garkoti et al. 2002, Glatzel and Geils 2009) . In habitats where water availability is not a major limiting factor, like in the present study site, water use of mistletoes may closely follow the light availability and low irradiance becomes a strong limiting factor to mistletoes (Figure 8a and b), which may reduce their ability to become a strong competitor for water use and a major threat to their host trees.
Our finding that mistletoe sap flow increases more than that in the host tree with the increase of PPFD and VPD suggests that the performance of V. coloratum at the present site can be strongly limited by overshading from host canopy, while factors causing forests to become drier or tree die-back may favor the infestation of mistletoes by causing increases in PPFD and VPD at the parasitic sites of mistletoes. It has been shown that mistletoes are suppressed by shading from healthy host trees and are more likely to infest unhealthy trees with partial branch death (Bickford et al. 2005, Glatzel and Geils 2009 ). The 'light limitation' hypothesis is also consistent with the fact that mistletoes are more abundant in thinned than not thinned forests (Oberhuber 2001 , Bickford et al. 2005 ) and the variation of mistletoe transpiration with changes in their position in the forest canopy (Urban et al. 2012) . It has been found that when trees are under optimal water supply (i.e., likely to develop a dense tree canopy), higher transpiration rates in mistletoes relative to host trees disappear, or even slightly lower values were observed under these conditions in mistletoes than their hosts (Strong et al. 2000, Strong and Bannister 2002) . It is likely that the development of dense canopy (low PPFD at potential parasitic sites) functions as a mechanism for reducing the infestation of mistletoes provided that water is readily available to trees. Under drought-stressed conditions, however, the mistletoes may become a strong competitor that can cause host tree stomatal closure, reduce their efficiency for carbon assimilation, and even cause tree branch death and tree mortality (Meinzer et al. 2004b , Zweifel and Zeugin 2008 , Zweifel et al. 2012 . Although it seems counter-intuitive, a drier environment may indeed favor the infestation of mistletoes by increasing the light availability to mistletoes growing in the tree canopy. In fact, in a European forest site, mistletoe infestation has been found significantly increased during the past few decades and is increasingly causing tree mortality with the concomitant increase of drought severity in this region (Zweifel et al. 2012) .
Concluding remarks
We found that VWC of host xylem itself is not an important factor for regulations on mistletoe sap flow. Rather, our dynamic measurements showed that PPFD and VPD are the major determinants for sap flow. Furthermore, the mistletoe-to-host transpiration ratio increased with the increase in PPFD and VPD. Our results, as far as we know, are the first directly quantifying the correlation between mistletoe water use and dynamics of the microenvironmental factors within host canopy and the host tree branch water status measured in situ. These findings suggest that the development of dense canopy by healthy trees may function as an important mechanism in reducing the success of mistletoes in relatively humid forests. Increase in tree mortality caused by drought stress and mistletoe infestation, accompanying climate warming, may increase the light availability to mistletoes and their detrimental effects on infested forests would increase, which has important implications for forest health in the future.
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